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This study has shown that thermally evaporated Ag thin ﬁlms neither too thin (ultra-thin) nor too thick
(foil)—50 and 130 nm thick ﬁlms used here—are ideal for investigating surface modiﬁcation by a simple
iodization procedure for less than 15 min. XRD, optical, AFM have helped track the interesting changes
such as appearance of surface plasmon absorption and initiation of Ag crystalline formation at the nano-
structure level. The 50 nm, Ag ﬁlms show gradual development of surface Plasmon resonance and brood
visible bands forward by raising absorption in contrast 130 nm Ag ﬁlms show ﬂat absorbance over the
wavelength 350–800 nm with absorbance systemically reducing upon the increase of iodization time.
The systemic trends absorbance spectra should be useful in the design of detector bases in the iodine.
Nanostructures supporting localized plasmons are the subject of intense research for their applications
in plasmonics including nanophotonic devices, chemical sensors, and optical ﬁlters.
 2012 Elsevier B.V. Open access under CC BY-NC-ND license.Introduction
The nanosized noble metal particles have become an important
branch of research due to their interesting optical, chemical, and
electronic [1,2] properties. For example, Ag nanoparticles are of
particular interest due to their surface-enhanced Raman Effect
[3], which can increase the sensitivity of Raman measurements
by orders of magnitude, even allowing single molecule detection.
However, the magnitude of the enhancement is strongly affected
by the precise nanostructure; thus, research is ongoing to produce
reliable, repeatable nanostructured surfaces [4,5]. Metal nanoparti-
cles have mainly been studied because of their unique optical
properties [6–8]. The number of potential applications for nano-
particles, including protein detection, [9] catalysis, [10] and gas
sensing, [11] is rapidly growing because of their unique electronic
structure and large surface areas. Metal nanoparticles and other
metal nanostructures are the basic building blocks in photonics re-
search [12] and it is expected that magnetic nanoparticles will
have a dramatic impact on high density magnetic recording [13].
The main aim of this paper is to use the thermal evaporation
technique for producing Ag ﬁlms and followed by iodization. We
analyzed the two different thickness (50, 130 nm) ﬁlms character-
ized by XRD, optical absorption, AFM, FESEM-EDS. The iodization is
carried out in order to (1) examine the very initial effects of iodiza-
tion to see if Ag crystalline formation is initiated (2) to see the plas-
manic nature of the iodized Ag ﬁlms, (3) modify the surface
microstructure. This study forms a part of our continuing studies4; fax: +91 40 3010 120.
dana).
-NC-ND license.on the iodization of metal, metal halide ﬁlms which have potential
applications as sensor and optoelectronic device elements [14,15].Experimental part
Ag thin ﬁlms were deposited by standard thermal vacuum
evaporation (‘‘HIND HIVAC’’ VACCUM COATING UNIT model:
12A4). The precursor materials were namely highly pure Ag wire
(Aldrich, 99.999) placed in the ﬁlament and the cleaned borosili-
cate glass substrate kept at an ambient temperature at a pressure
of 4.5  106 Torr. Silver thin ﬁlms with average thicknesses 50,
140 nm were fabricated on commercially available microglass
slides by thermal evaporation. Before the deposition, these sub-
strates were cleaned as follows: substrates were ﬁrst etched with
HNO3 and immersed in boiling 10% soap solution with 90% water,
rubbed with cotton in cold water to remove weathering, washed in
cold water to remove surface contaminants followed by ultra-son-
iﬁcation in isopropyl alcohol for a duration of 10 min, and ﬁnally
these substrates were dried in air before loading onto the system
for deposition. Thickness of coated ﬁlms was determined by a dig-
ital thickness monitor (DTM model No. DTM101) using a quartz
crystal, the rate of deposition was maintained constant (0.1 ÅA
0
/
sec) during the entire process.
To iodize Ag ﬁlms, a Fig. 1 of 8-shaped iodization glass chamber
was fabricated with dimensions 20 cm height  4 cm diameter and
1 mm hole made at the center of the chamber to control iodization
rate which plays an important role for nanoparticles (structure)
production. Iodine kept at the bottom of the lower half of the
chamber sublimates at room temperature and slowly deposits on
the Ag ﬁlms kept at the top of the chamber. The small oriﬁce at
Fig. 1. Iodization chamber.
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Fig. 2. XRD pattern of (a) 50 nm pure Ag ﬁlm (b) 130 nm pure Ag ﬁlm (c) 13 min
iodized Ag ﬁlm (50 nm) (d) 13 min iodized Ag ﬁlm (130 nm).
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Fig. 3. Absorbance of 50 nm Ag ﬁlm at different iodization times.
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zation was carried out for only <13 min. These ﬁlms were charac-
terized by XRD sing a PHILLIPS X-ray powder diffractometer with
Cu Ka (k = 1.54056 ÅA
0
) radiation. To analyze the surface morphol-
ogy, ﬁlms were examined by SPA 400 atomic force microscope
(AFM) using non-contact dynamic force mode (DFM). JASSCO mod-
el 7800 spectrophotometer in the UV–visible range 300–800 nm
has been used for absorption studies at 300 K with a scanning rate
of 4 nm/s.
Results and discussion
XRD
Fig. 1 shows XRD patterns of the as deposited, iodized Ag thin
ﬁlms. The diffraction spectra were measured at 2h scanning mode
ranging from 20 to 80 diffraction angle. The as deposited thermal
evaporated ﬁlms showed amorphous nature Fig. 2a and b. After
13 min iodization the ﬁlms were polycrystalline, with the observed
peaks closely matching those of pure silver. The assignment of the
peaks to silver is supported by optical spectra. The predominant
peak is the Ag (111), indicating that the Ag grains were oriented
along the [111] direction. The XRD patterns were matched with
JCPDS card number 87-0719 [14]. Fig. 2a and b 50, 130 nm pure
Ag ﬁlm showed amorphous nature. The main reﬂections are simi-
lar, where (111) plane corresponds to the cubic system in the thin
ﬁlms growth. Intensities of reﬂections corresponding to the planes
in different samples are different. However the strong reﬂections in
Fig. 2c and d samples indicate crystallites corresponding to the
(111) plane of cubic Ag (a = 0.4132 nm). The crystal grain size
(D) was estimated from the full width at half maximum of the
Ag (111) peak using the Scherrer equation.
D ¼ 0:94k=b cos h ð1Þ
where k is the wavelength of the X-rays used, b is the full width at
half maximum, t is the ﬁlm thickens. The crystallite size for the
13 min iodized 50, 130 nm Ag ﬁlms (Fig. 2c and d) were found in
the 20, 35 nm range. However, the Ag (111) peak could still be
observed even at the highest <20 min iodization, after long termiodization these Ag ﬁlm were converted into AgI thin ﬁlms as we
observed our earlier studies [16–20].Optical properties
In this section we discuss unionized ﬁlms ﬂat absorption visible
infrared region 2 min iodization leads to progressive increase in
the absorption and a brooded maximum around (630 nm) the in-
crease net absorbance along with brooded peak attributed to free
carrier absorption and uncertain red shifted Plasmon resonance
iodizations respectively 5, 7, 10, 13 min bring down the overall
to level below unionized ﬁlms shown in the Fig. 3. The red shift
SPR peak shows a sudden increase at 10 min iodization and already
at 5 min iodization very brooded features appear at 380 to 500 nm,
after10 min iodization the SPR shows a shoulder around 600 nm.
We see brooded overlapping appear around 417–458 nm. After
13 min iodization SPR becomes sharp and shoulder shifted to
598 nm (main peak 644 nm) there is a minimum absorption
350 nm for wavelength less than absorption raises indicating shar-
ply the formation of energy band gap [21–23]. 50, 130 nm thick Ag
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Fig. 4. Absorbance of 130 nm Ag ﬁlm at different Iodization times.
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e.g., 50 nm Ag ﬁlms (Fig. 3) shows the gradual development of sur-Fig. 5. AFM images of (a) 50 nm Ag ﬁlm before iodization (b) 50 nm Ag ﬁlm after iodface plasmon resonance and broad visible bands forward by rising
absorption in contrast 130 nm Ag ﬁlms show ﬂat absorbance over
the wavelength 350–800 nm with absorbance systemically reduc-
ing upon the increase of iodization time. One excessive to these
trends is the absorbance of 2 min ﬁlms which shows unnecessarily
the absorbance relative to uniodized ﬁlm the systemic trends
absorbance spectra should be useful in the design of detector bases
in iodine. The formation of mechanism of pristine Ag ﬁlms could be
assumed to follow the island-pluse-layer growth or the S-K mech-
anism [24]. Pristine ﬁlm growth mechanism is crucial to the iodi-
zation process because Ag – island and Ag layers are supposed to
produce predominantly gamma AgI and beta AgI respectively,
bringing in the thickness as a crucial factor.
Partial iodization of Ag thin ﬁlm initiates the reaction Ag + ½
I2? AgI at the silver surface and at the I–Ag interfaces by penetra-
tion or diffusion of iodine molecules/atoms from the gas to the me-
tal through the pores between crystallites on the precursor ﬁlms.
Iodine serves as an oxidant in this iodization reaction. Silver is
gradually oxidized to silver iodide, the iodine–silver interface play-
ing a dynamic role in the process [25]. Absorption of an oxidant in-
duces changes in the structure of the metal surface through the
formation of surface Ag–I bonds which due to weak but sufﬁcient
covalence are ﬂexible enough to nucleate AgI4 (and also I4Ag) tet-
rahedral which grow into AgI nano crystals as signaled by theization (c) 130 nm Ag ﬁlm before iodization (d) 130 nm Ag ﬁlm after iodization.
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Surface thermodynamics (T > Tambient, P > Pambient) and kinetics,
coverage by iodine molecules of bare substrate and Ag nano fea-
tures and physic-/chemisorptions and re-evaporation are all in-
volved in an intriguing way in producing the AgI ﬁlm or AgI/Ag
nanostructure. In fact one could identify three reaction ‘‘zones’’
(1) surface modiﬁcation zone, Ag nano sphere with thickness
dependent diameters and particle densities, (2) AgI/Ag nano com-
posite formation zone and (3) AgI zone. Film thickness and micro-
structure are involved too but would not be discussed in this work.
It is important to emphasize that the iodization process is likely to
proceed sequentially from zone 1 to zone 3 with thickness control-
ling the kinetics and the resulting microstructure. In essence, brief
iodization creates opportunities for iodine molecules to react (in an
etching sort of way) to cause Ag particle shape changes (surface
modiﬁcation – only SPR) while extended iodization (> minutes)
initiates AgI–Ag nano structure formation (Ag SPR pluse AgI exci-
ton) ﬁnally leading to AgI thin ﬁlms signaled by the complete dis-
appearance of surface plasmon features.
From Fig. 4, uniodized 130 nm thick Ag ﬁlm exhibits a progres-
sively increasing (and possible a bit of nonlinear) absorbance right
from 350 nm instead of the relatively ﬂat absorbance 50 nm Ag
ﬁlm indicating free carrier effects even without iodization. Two
minutes iodization—as in the earlier case—produces enhanced
absorption and gives rise to a weak peak around 550 nm, possibly
a plasmonic feature. Further iodization wipes out this peak and
produces a reduced ﬂat absorption that gets systematically re-
duced upon further iodization.Morphology
The crystalline sizes estimated from AFM are 50 nm Ag ﬁlm
having 35 nm in uniodized case and in iodized case 100 nm. Ag
ﬁlms with the corresponding surface roughness 8.8 and 0.9 nm
(Figs. 5a and 4b). By contrast in 130 nm Ag ﬁlms the crystallites
are bigger 64 nm before iodization and 150 nm after iodization
the corresponding roughness being 11 and 2.1 nm respectively
(Figs. 5c and 4d). The surface morphology of the 150 nm Ag ﬁlm
appears to be considerably modiﬁed upon iodization. The aligned
stacks of chains of wheat-like grains get converted to randomly
close packed spherical grains before iodization. After iodization
there is a modiﬁcation of shape upon iodization. Iodization
changes morphology overall but putting together AFM results
and XRD observations one comes to the conclusion that shot-term
iodization does not quite produce AgI. In the light of optical
absorption AFM does account for the absorption changes upon
the iodization as well as the development of surface plasmon fea-
tures in optical absorption. Therefore optical and AFM character-
ization have proved to be quite sensitive to monitor changes in
Ag thin ﬁlms microstructure upon iodization.Conclusion
This study has shown that thermally evaporated Ag thin ﬁlms
neither too thin (ultra-thin) nor too thick (foil)—50 and 130 nm
thick ﬁlms used here—are ideal for investigating surface modiﬁca-
tion by a simple iodization procedure for less than 15 min. XRD,
optical, AFM have helped track the interesting changes such as
appearance of surface plasmon absorption and initiation of Ag
crystalline formation at the nanostructure level. The 50 nm,
130 nm thick Ag ﬁlms iodized for times up to 13 min shows the fol-
lowing features take 50 nm Ag ﬁlms shows graduate development
of surface Plasmon resonance and brood visible bands forward by
raising absorption in contrast 130 nm Ag ﬁlms show ﬂat absor-
bance over the wavelength 350–800 nm with absorbance system-
ically reducing upon the increase of iodization time. One excessive
to these trends is the absorbance of 2 min ﬁlms which shows
unnecessarily the absorbance relative to unionized ﬁlm the sys-
temic trends absorbance spectra should be useful in the design of
detector bases in iodine.
Acknowledgements
D. Rajesh thanks the University of Hyderabad for providing BBL
fellowship. The authors are grateful to the referees for their valu-
able comments.
References
[1] Weber WH, Ford GW. Phys. Rev. B 2004;70:125429.
[2] Link S, El-Sayed MA. J. Phys. Chem. B 1999;103:8410.
[3] Lu Y, Liu GL, Lee LP. Nano Lett. 2005;5:5.
[4] Perney NMB, Baumberg JJ, Zoorob ME, Charlton MDB, Mahnkopf S, Netti CM.
Opt. Express 2006;14:847.
[5] Henley SJ, Carey JD, Silva SRP. Appl. Phys. Lett. 2006;89:183120.
[6] Prog GC. Papavassiliou. Solid State Chem. 1980;12:185.
[7] Perenboom JAAJ, Wyder P, Meier P. Phys. Rep. 1981;78:173.
[8] Hughes AE, Jain SC. AdV. Phys. 1979;28:717.
[9] Nam JM, Thaxton CC. Science 2003;301:1884.
[10] Bell AT. Science 2003;299:688.
[11] Kennedy MK, Kruis FE, Fissan H, Mehta BR, Stappert S, Dumpich G. J. Appl.
Phys. 2003;93:551.
[12] Goodson T, Varnavski O, Wang Y. Int. Rev. Phys. Chem. 2004;23:109.
[13] Kodama H, Monose S, Ihara N, Uzumaki T, Tanaka A. Appl. Phys. Lett.
2003;83:5253.
[14] Senthil Kumar P, Ray S, Sunandana CS. Mater. Phys. Mech. 2001;4:39.
[15] Bharathi Mohan D, Sivaji Reddy V, Sunandana CS. Appl. Phys. A: Mater. Sci.
Process. 2007;86:73.
[16] Senthil Kumar P, Sunandana CS. Nanolett 2002;2:975.
[17] Senthil Kumar P, Babu Dayal P, Sunandana CS. Thin Solid Films 1999;357:111.
[18] Patnaik JRG, Sunandana CS. J. Phys. Chem. Solids 1998;59:1059.
[19] Mohan DB, Sunandana CS. J. Appl. Phys. 2006;100(6):4314.
[20] Mohan DB, Sreejith K, Sunandana CS. Appl. Phys. B 2007;89(1):59.
[21] Jiaguo Y, Gaopeng D, Baibiao H. J. Phys. Chem. C 2009;113:16394.
[22] Jaiguo Y, Tao H, Cheng B. Chem. Phys. Chem. 2010;11:1617.
[23] Xiang Q, Jiaguo Y, Cheng B, Ong HC. Chem. Asian J. 2010;5:1466.
[24] Milton Ohring, 2nd Edition ‘‘Materials science of thin ﬁlms deposition and
structure’’.
[25] Senthil Kumar P, Sunandana CS. Proc. SPIE 2002;4807:241.
